Proper brain function requires neuronal homeostasis over a range of environmental challenges. Neuronal activity, injury, and aging stress the nervous system, and lead to neuronal dysfunction and degeneration. Nevertheless, most organisms maintain healthy neurons throughout life, implying the existence of active maintenance mechanisms. Recent studies have revealed a key neuronal maintenance and protective function for nicotinamide mononucleotide adenylyl transferases (NMNATs). We review evidence that NMNATs protect neurons through multiple mechanisms in different contexts, and highlight functions that either require or are independent of NMNAT catalytic activity. We then summarize data supporting a role for NMNATs in neuronal maintenance and raise intriguing questions on how NMNATs preserve neuronal integrity and facilitate proper neural function throughout life.
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NMNATs maintain neuronal health
The vast majority of neurons are born during embryogenesis. Maintaining the long-term health of neurons throughout the life of an organism therefore represents a major challenge. Loss of neuronal function from inability to maintain homeostasis during accumulating stress is highlighted by neurodegenerative diseases such as Alzheimer's disease, Parkinson's disease, and Huntington's disease (reviewed in [1]). Hence, neurons require a continuous maintenance plan that enables them to endure the demands of varying workloads and to blunt damage from oxidative stress, injury, toxic compounds, and genetic stress. Here we define a neuronal maintenance factor as a protein or molecule whose deficiency enhances age-and/ or activity-dependent degeneration in mature neurons.
A neuronal maintenance function has been attributed to NMNAT proteins, first characterized as essential enzymes catalyzing NAD synthesis. Drosophila has a single NMNAT gene, whereas mice and humans have three, NMNAT1-3, whose products differ in their kinetic properties [2] . Drosophila NMNAT (dNMNAT) is widely distributed within cells [3] , whereas mammalian NMNAT1-3 proteins have distinct subcellular localizations [4]: NMNAT1 is localized to the nucleus, NMNAT2 is present in the Golgi, and NMNAT3 is present in mitochondria (Figure 1) . Complete loss-of-function of dNmnat causes very severe post-development photoreceptor neurodegeneration in Drosophila (Box 1) [3] . Nmnat1 loss-of-function mutant mice are embryonic lethal, whereas Nmnat1 heterozygous mice develop normally without detectable neurodegeneration or axonal pathology [5] . Nmnat2 knockout mice die at birth with a reduction in the number of peripheral nervous system (PNS) neurons and axons [6] . By contrast, NMNAT overexpression provides varying degrees of neuroprotection against a wide range of stressors and toxic insults (reviewed in [7] and Table 1 ).
In this review we summarize our current knowledge of NMNAT biology, focusing on neuronal maintenance, and review evidence for and against a requirement for NMNATs enzymatic activity in mediating specific neuroprotective effects. We also discuss the protective effects of NMNAT in key models of neurodegeneration and consider the implications for NMNAT as a neuroprotective agent in human diseases.
Functional diversity of NMNAT
The neuroprotective role of NMNAT first emerged with the characterization of a spontaneous chromosomal rearrangement in Wallerian degeneration slow (Wld S ) mice ([8] , reviewed in [7, 9] ). These mice carry a dominant mutation that delays Wallerian degeneration of injured axons. The mutation results in a chimeric gene of the E4 ubiquitination factor Ube4b and the entire coding region of mouse NMNAT1, associated with a gene triplication [10, 11] . The neuroprotective effects of this mutant protein have stimulated considerable efforts to uncover possible mechanisms. Hence, NMNAT1 has been studied in numerous contexts to 
